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The impact of anharmonicity on the vibrational entropy and heat capacity of UO2 has been
investigated from 10 K to 1200 K using inelastic neutron scattering measurements of the phonon
density of states (PDOS). Small changes in the PDOS are observed from 10 K to 295 K, with more
noticeable changes appearing in the 750 K and 1200 K data. The specific heat determined from
the PDOS measurements is in agreement with macroscopic specific heat measurements and the
overall impact of non-dilation anharmonicity on the specific heat has been shown to be less than 2
percent. An analysis of the phonon measurements shows that the softening of acoustic phonons with
temperature is consistent with the quasiharmonic approximation. The optical phonons deviate from
the quasiharmonic prediction, with the low energy optical phonons between approximately 20-50
meV softening more than expected, while the higher energy optical phonons between approximately
50-80 meV have no appreciable softening over the temperature range measured. The observation
of a small anharmonic specific heat contribution has been shown to be the result of relatively large
energy dependent anharmonic effects which have opposite sign, leading to a total contribution near
zero.

I. INTRODUCTION

In uranium dioxide (UO2), the consequences of 5f elec-
trons have been the subject of several experimental and
theoretical studies, and present a serious challenge to the
modeling of material properties. Measurements of the
phonon lifetimes and thermal conductivity[1], for exam-
ple, are in disagreement with advanced simulations using
dynamical mean-field theory (DMFT)[2]. The observed
phonon linewidth broadening and thermal conductivity
are a result of the anharmonicity of UO2. However, a de-
tailed account of how anharmonicity shapes other ther-
modynamic properties of UO2 has not been explored.

The technological importance of UO2 as a nuclear fuel
has generated intense experimental and theoretical inter-
est in the thermodynamic properties of UO2 for decades.
Knowledge of the specific heat capacity is relevant to heat
storage in reactor fuel as a potential safety issue, espe-
cially in connection with the anomalous departure from
the Dulong-Petit law observed above ∼1500 K, and it
enters directly into simulations of thermal transport for
modeling fuel performance [3]. Moreover, the underlying
physical mechanisms associated with the specific heat of
UO2 below 1500 K have been of interest in helping de-
termine the atomic (Frenkel-pair) versus electronic type
of lattice defect associated with the anomalous heat ca-
pacity above 1500 K [4].

Below 1500 K, the specific heat capacity of UO2 is
known to be dominated by the lattice vibrational en-
tropy, including the contributions related to the harmonic
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phonon free energy and the so-called non-harmonic con-
tributions associated with thermal expansion (dilation)
and anharmonic phonon-phonon interactions[3, 5, 6].
While the harmonic component has been evaluated us-
ing the 300 K phonon dispersion measurements of Dolling
et al.[5] and the thermal expansion contribution can be
calculated as a function of temperature using thermo-
physical property measurements of UO2[6], the magni-
tude of the non-dilation anharmonic contribution to the
specific heat of UO2 is less certain. It has been esti-
mated to be less than 2% of the total lattice specific
heat based on temperature-dependent Debye-Waller fac-
tor measurements[4, 7] and is in general agreement with
UO2 enthalpy measurements[6].

However, the calculated anharmonic specific heat value
has not been verified experimentally and a negligibly
small anharmonic specific heat is surprising[6, 8] con-
sidering the strongly anharmonic nature of phonons in
UO2[1, 9] is responsible for the low thermal conductiv-
ity below 1500 K. That is, since anharmonic phonon
linewidith broadening (arising from the cubic term of the
interatomic forces) is large, it might be expected that the
anharmonic specific heat contribution, which is related
to phonon-phonon interactions given by the cubic and
quartic interatomic forces[10, 11], would be large as well.
Given the observation of strong anharmonic linewidth
broadening, it is of interest to investigate in detail how
phonon energies and heat capacity are impacted by an-
harmonicity as well.

Here we report inelastic neutron scattering measure-
ments of the phonon density of states (PDOS) for UO2

at 10, 77, 295, 750 and 1200 K. The PDOS measure-
ments have been analyzed to separate the harmonic and
non-harmonic components of the vibrational entropy and
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the heat capacity of UO2 as a function of tempera-
ture. The lattice heat capacities are in agreement with
macroscopic specific heat measurements[12, 13], but, de-
spite the strong anharmonic phonon linewidth broaden-
ing for UO2[1], the anharmonic heat capacity is only
a few percent and negative at 1200 K, as predicted
theoretically[4, 7]. The apparent inconsistency of a small
anharmonic contribution to the specific heat in a mate-
rial with large anharmonic phonon linewidth broadening
is resolved as the result of substantial energy-dependent
anharmonic contributions to the specific heat, which have
opposite sign and net a contribution near zero.

II. EXPERIMENT

Inelastic neutron scattering (INS) measurements of the
PDOS for UO2 at 10, 77, 295, 750 and 1200 K were
made on the wide Angular Range Chopper Spectrometer
(ARCS) at the Spallation Neutron Source [14]. The ex-
perimental setup of the spectrometer was identical to our
previously reported PDOS measurements for UO2 at 295
and 1200 K [9], but with the addition of a (1.6◦) radial
collimator, which provides both background reduction
and better angular resolution[15]. The same polycrys-
talline depleted UO2 sample, encapsulated in a vanadium
can, that was used previously was used here[9]. The sam-
ple was mounted in a cryostat for the low temperature
(10, 77, 295 K) measurements and a vacuum furnace for
the high temperature (750, 1200K) measurements. Fol-
lowing the procedures described in Ref. [9], three inci-
dent neutron energies Ei of 30, 60, and 120 meV were
used at each temperature to collect data as a function of
scattering angle φ and time-of-flight t. Scattering intro-
duced by the sample can, the cryostat, and the furnace
were corrected for by subtracting the corresponding spec-
tra from a duplicate, empty sample can measurement.
The corrected scattered neutron intensities, I(φ, t), were
converted to the scattering function S(Q, E) with Q be-
ing the momentum transfer magnitude and E being the
energy transfer. The method applied to concatenate the
spectra collected with the three incident energies Ei to
achieve a resolution of about 3% across the entire energy
transfer range has been described elsewhere [9].

The (neutron-weighted) generalized PDOS gNW (E)
was then obtained by integrating S(Q, E) over Q val-

ues ranging from 3 to 7 Å
−1

, which corresponds to about
four Brillouin zones for UO2. Below the 30.8 K Néel tran-
sition temperature, significant scattering of magnons will
be present as UO2 is in the antiferromagnetic state. This
scattering is located in the low-Q region and the intensity
decreases with increasing Q as a result of the magnetic
form factor[16–18]. This scattering is not present in any
other higher temperature data set, but does exist in the 3

to 7 Å
−1

window at 10 K. To extract the phonon DOS at
low temperatures, the integration range in Q was shifted

upwards, with 6.5 Å
−1

to 12.5 Å
−1

being sufficiently high

in Q based on previous measurements of the magnetic
form factor as a function of Q. However, this PDOS does
not include measurements made with Ei = 30 meV, as
that data includes magnetic scattering across nearly the
entire dynamic window. For comparison, we have also
applied this shifted window to the 77 K data set.

The magnetic scattering and magnon density of states
will also impact the heat capacity at low temperatures,
and is present in the 10 K data. Based on previous
measurements of the dispersion in the antiferromagnetic
state[19–21], as well as direct inspection of the data above
and below TN , the magnetic scattering can be located
and studied. Here we have used the range E = 0 to 14

meV, Q = 0 to 4.5 Å
−1

, using only the Ei = 30 meV
data to extract the magnon DOS from the 10 K data.
For both the magnetic and phonon density of states at
low temperature, a software package called Multiphonon
was employed to extract a DOS from the INS data[22].

The measured neutron-weighted PDOS is expressed as

gNW (E) =
σU
MU

gU (E) + 2
σO
MO

gO(E), (1)

where AU = σU

MU
and AO = σO

MO
, with

∫∞
0
gNW dE = 1.

gU (E) and gO(E) are the partial phonon DOS of uranium
and oxygen atoms with gUO2

(E) = gU (E) + 2gO(E). Mi

is the atomic mass of element i (i=U or O), and σi is the
corresponding neutron scattering cross-section [23]. The
uranium and oxygen contributions to the total PDOS
are neutron-weighted, with σO

MO
approximately 7 times

larger than σU

MU
. The Debye-Waller factors e−2Wi have

not been included here as such thermal effects have been
determined to be small (∼1-2%) and within the uncer-
tainties of our PDOS measurements [9, 24].

In order to extract the neutron unweighted PDOS, all
modes below 25 meV were attributed to uranium and all
modes above 25 meV were attributed to oxygen, consis-
tent with partial PDOS calculations[9, 25, 26]. That is,
we assume neutron weighting can be removed by using
a step function at 25 meV, which serves as a boundary
energy between oxygen and uranium modes. The effect
of using a step function in the neutron-weighting cor-
rection has been tested by varying the boundary energy
to determine the effect on thermodynamic results. The
thermodynamic results of all three cases (20, 25 and 30
meV) vary within only a few percent. Therefore a 25
meV boundary energy was used at all temperatures to
remove neutron weight from the data.

The heat capacity of UO2 single crystal was measured
using a thermal relaxation method in a commercially
available Quantum Design, Physical Properties Measure-
ment System (DynaCool-9). Measurements were per-
formed from 1.8 to 302 K.

III. RESULTS

Neutron-weighted PDOS spectra of UO2 measured at
77, 295, 750 and 1200 K are shown in the top panel of Fig.
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FIG. 1. Top panel: neutron-weighted phonon density of states
for 77 K, shown as a grey line, 293 K, shown as blue trian-
gles, 750K, shown as green diamonds, and 1200 K, shown as

red circles. A Q integration range of 3 to 7 Å
−1

was used.
Well-defined peaks occur at the zone boundaries at 12, 21, 33,
56, 72, and 76 meV. In the bottom panel, neutron-weighted
phonon density of states in the antiferromagnetic state at 10
K, shown as black circles, and in the paramagnetic state at 77
K, shown as grey diamonds. The integration range for both
temperatures was modified, to exclude the magnetic scatter-

ing. The range used here is 6.5 Å
−1

to 12.5 Å
−1

. The phonon
density of states shows no significant changes in this temper-
ature range.

1. The spectra at 295 and 1200 K are essentially the same
as our previously reported PDOS measurements [9], but
with slightly sharper features than those reported in Ref.
[9] as a result of the previously mentioned insertion of a
radial collimator between the sample and the detectors
on the ARCS beamline[15].

Well-defined zone-boundary phonon peaks are ob-
served at energies of 12, 21, 33, 56 and 72 meV at 77
K. With reference to the single crystal phonon dispersion
measurements [1, 9], the 12 and 21 meV peaks correspond
to the uranium-dominated transverse acoustic (TA) and
the longitudinal acoustic (LA) zone boundary energies.

The remaining peaks (33, 56, and 72 meV) correspond to
the oxygen-dominated transverse optical (TO1 and TO2)
and the longitudinal optical LO2 modes, respectively. In
general, the positions of the PDOS peaks shift to lower
energies with increasing temperature as a result of lattice
expansion. We note that the high-energy optical TO2
and LO2 phonon peaks soften by less than 1 meV out of
55 and 72 meV, respectively, as the temperature increases
from 77 to 1200 K, while the lower-energy TA, LA and
TO1 phonons soften more perceptibly from 12, 21 and 33
meV to 11, 19 and 30 meV, respectively. This is particu-
larly true in the energy range of 20-40 meV in which the
LA phonon peak at 21 meV is blurred to a broader peak
and the TO1 phonons at 33 meV are diminished from a
resolved peak at 77 K to a broad shoulder at 1200 K.

The resulting PDOS for 10 K and 77 K are plotted in
the bottom panel of Fig. 1, with a shifted integration
region to avoid magnetic scattering (shown in the bot-
tom panel of Fig. 2) in the 10 K data. No significant
difference between the two temperatures is evident. Dif-
ferences as a result of the integration range can be seen
in the 77 K data shown in the top and bottom panels of
Fig. 1, and are not the result of changes in the PDOS
as a function of temperature. Zone-boundary peaks ob-
served with this integration range are also in agreement
with previous measurements of the dispersion[9].

Figure 2 shows the magnon density of states measured

in the range E = 0 to 14 meV, Q = 0 to 4.5 Å
−1

, in the top
panel. In the bottom panel of Fig. 2, the dynamic struc-
ture factor S(Q,E) is shown with the magnetic scattering
primarily shown in red. With increasing Q, the magnetic

scattering decreases and at high Q (above 6.5 Å
−1

) only
phonon scattering remains, and the resulting PDOS is
nearly identical to the PDOS obtained at 77 K. The mea-
sured magnon DOS here is in reasonable agreement with
previous measurements of the dispersion[19–21, 27] and
calculated DOS based on a model dispersion[28]. No-
tably, no scattering is observed below 2 meV or above
14 meV, with increasingly more excitations at larger en-
ergies until a maximum, which then decreases rapidly
towards zero. However, we cannot exclude other quasi-
particle excitations like quadrapolar excitations observed
previously[20, 21, 27] from this data set.

Within the rather large integration range of 6.5 to 12.5

Å
−1

, the PDOS is in agreement between 10 K and 77 K
data sets, as shown in the lower panel of Fig. 1. How-
ever, using a relatively narrow range above the magnetic

scattering to calculate the PDOS (6 to 8 Å
−1

), the 10 K
PDOS is slightly larger than the 77 K and 295 K PDOS
between 6 and 13 meV, as shown in the inset in Fig.
2. A plausible explanation for this additional scattering
is that the quadrapolar modes, as observed in the lit-
erature, occur in this energy range and this is a result
of electron-phonon coupling. We find agreement across
temperatures above TN , shown in the 77 K and 295 K
data, when there should no longer be strong electron-
phonon coupling. This additional scattering is contrary
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FIG. 2. Top panel, the measured density of states in the re-

gion E = 0 to 14 meV, Q = 0 to 4.5 Å
−1

at 10 K, shown as
black circles from INS. This region shows significant scatter-
ing only at 10 K, attributed to the magnon DOS. A previ-
ous magnon DOS[28], based on a model dispersion from INS
data[19], is shown as a red dashed line. The inset shows the
PDOS over a similar energy range, with an integration range

of Q from 6 to 8 Å
−1

, with the 10, 77, and 295 K data shown
as red circles, black squares, and green diamonds, respectively.
The bottom panel shows a color contour plot of the dynamic
structure factor, S(Q,E), with the magnetic scattering pri-
marily shown as the red, intense scattering in the low energy
and low Q region indicated by the arrow.

to the quasiharmonic approximation which would predict
a softening of the TA mode as temperature increases.

IV. ANALYSIS

A. Anharmonic PDOS contribution

Within the quasiharmonic (QH) approximation, ther-
mal expansion induced phonon softening shifts the
phonon energies proportionally downward throughout
the PDOS spectrum. The softened PDOS as a func-

tion of temperature T, gQHT (E′), relative to a reference
temperature T0 can be written as

gQHT (E′) = gT0
[E(1 − 3αγ)], (2)

where ∆V/V = 3α, γ is the average (macroscopic)
Grüneisen parameter given by 3αBV

CV
with CV , B, V and

α being the harmonic specific heat, bulk modulus, mo-
lar volume and linear thermal expansion coefficient, re-
spectively. These parameters are temperature dependent
and are reported in the literature[29, 30]. This generates
a PDOS at some temperature T from the PDOS at a
reference temperature T0, with a rescaled energy deter-
mined by (1-3αγ).

We have used Eq. (2) to calculate the quasiharmonic

(i.e. energy-shifted) spectrum gQHT for T = 295, 750
and 1200 K using the PDOS spectrum at 77 K as a
reference T0. The reference temperature of 77 K was
used for the QH calculations to ensure that the measured
phonon spectrum used as a reference is not affected sig-
nificantly by magnons in the the antiferromagnetic state
of UO2 (see bottom panel, Fig. 2). Given the very small
changes in PDOS and QH approximation parameters be-
tween 10 to 77 K, this results in virtually no change in
the QH prediction. In addition to calculating the en-
ergy shift (softening) due to thermal expansion using Eq.
(2), we have introduced anharmonic phonon linewidth
broadening into the QH-PDOS spectra by convolution
with phonon linewidths measured on UO2 single crys-
tals at 295 and 1200 K as described previously[9]. These

linewidth convoluted quasiharmonic spectra, gQH⊗Width
T

, are plotted as the solid red lines in Fig. 3 along with
the corresponding PDOS measurements gNW (symbols)
at 295, 750 and 1200 K. The phonon linewidth distribu-
tion for 750 K was determined by interpolation of the
linewidth results for 295 and 1200 K.

The difference between the quasiharmonic spectrum

gQH⊗Width
T and the measured PDOS spectrum,

gAnhT = gNWT − gQH⊗Width
T , (3)

represents the anharmonic contribution gAnh to the
PDOS beyond the non-harmonic dilation of the lattice
accounted for in the quasiharmonic expansion. These
variations, gAnhT , are shown as the thick blue lines in Fig.
3 and represent a determination of the anharmonic con-
tributions to the PDOS of UO2 at 295, 750 and 1200
K.

At 295 K, the anharmonic contribution is relatively in-
significant with only small positive contributions near 56
and 72 meV, which correspond to the optical TO2 and
LO2 phonon peaks. This result illustrates that the ex-
perimentally measured PDOS spectrum of UO2 at 295 K
can be explained quite well from the 77 K measurements
using quasiharmonic thermal expansion and corrections
for linewidth broadening. For higher temperatures, how-

ever, the gQH⊗Width
T spectra deviate increasingly from

the measured PDOS. The anharmonic impact on the
PDOS spectra can be divided into three phonon energy
intervals: approximately 0 to 20 meV corresponding to
the uranium-dominated acoustic phonons; approximately
20 to 50 meV corresponding to the oxygen-dominated op-
tical TO1 and LO1 phonons; and approximately 50 to 80
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meV corresponding to the oxygen-dominated high-energy
TO2 and LO2 phonons.

For energies below 20 meV the observed acoustic
phonon energy shifts are in general agreement with quasi-
harmonic approximation, and gAnhT is negligible in this
energy range up to the highest measured temperature
1200 K. However, between ∼20 and 50 meV, there is a
continuous negative anharmonic contribution at 750 K
that nearly doubles in magnitude at 1200 K. This neg-
ative gAnhT contribution exists because the TO1 and the
LO1 phonons in this range soften in energy more than
the ∼3% predicted by the QH approximation. This ef-
fect is even larger at 1200 K, where the measured phonon
energy softening for the TO1 and the LO1 phonons be-
comes ∼10% (i.e. softens from 33 to 30 meV) compared
to the 6% shift predicted by the QH approximation. At
high temperatures, the TO2 and LO2 phonons have a
large contribution to gAnhT at 56 and 72 meV. This is
attributed to the stiffness of the TO2 and LO2 optical
phonons relative to the QH approximation. The acoustic
phonon energies tend to follow the QH approximation
softening from 77 to 1200 K. The TO1 and LO1 opti-
cal phonons soften much more than predicted by the QH
approximation, and the TO2 and LO2 optical phonons
soften much less than predicted by the QH approxima-
tion.

The neutron weighted PDOS presented in Fig. 1 and
3 lead to two temperature regimes. In the low tempera-
ture regime, the 10 K, 77 K, and 295 K PDOS show little
change as a function of temperature and generally follow
the QH prediction. In the high temperature regime, the
750 K and 1200 K data show deviations from the QH
prediction. Therefore our analysis of the thermodynamic
properties from the PDOS will be split into low temper-
ature results (T ≤ 295 K) and high temperature results
(295 < T < 1200 K).

B. Vibrational entropy

The total vibrational entropy Sph per unit cell at tem-
perature T can be written as

Sph(T ) = 3NkB

∫ ∞
0

gT [(nT+1)ln(nT+1)−nT ln(nT )]dE,

(4)
where nT = 1/(eE/kBT − 1) is the Planck distribu-

tion function and N=3 for UO2 with 3 atoms in the unit
cell, kB is Bolzmann’s constant, and gT is the neutron-
unweighted PDOS at temperature T. Separating the vi-
brational entropy into harmonic (SV ) and non-harmonic
(SNH) terms, the harmonic entropy is a function of the
harmonic phonon energy spectrum given by

SV (T ) = 3NkB

∫ ∞
0

gT0 [(nT+1)ln(nT+1)−nT ln(nT )]dE,

(5)
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FIG. 3. Neutron weighted phonon density of states, plotted
at 295 K (bottom), 750 K (middle), and 1200 K (top) as open
circles. For reference, the T0 data taken at 77 K is plotted as
a dashed line in each panel. The quasiharmonic approxima-
tion at each temperature, convoluted with measured phonon
linewidths, is plotted as a red line. The difference between
the neutron-weighted PDOS and the quasiharmonic approxi-
mation, the anharmonic contribution, is shown as a blue line
for each temperature. The non-harmonic change in the mea-
sured PDOS, the difference between the measured PDOS at
high temperature and the measured PDOS at 77 K, is shown
as a gray line.
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where gT0
is the unweighted harmonic PDOS at the

reference temperature T0. To a good approximation,
the neutron-weighting of the measured PDOS gNW (see
Eqn. (1)), can be removed by attributing all phonons
below 25 meV to the heavier uranium atoms and at-
tributing all phonons above 25 meV to the lighter oxygen
atoms. Theoretical partial PDOS are consistent with this
approach[9, 25, 26].

Defining the non-harmonic entropy SNH formally as
the total phonon entropy minus the harmonic entropy,

SNH(T ) = Sph(T ) − SV (T ). (6)

In this expression, SNH is defined to contain a component
SD due to lattice expansion/dilation and an anharmonic
phonon-phonon interaction component, SA. SD is given
by

SD(T ) =

∫ T

T0

9α2BV dT, (7)

where B, V, and α are the bulk modulus, the molar vol-
ume, and the linear thermal expansion coefficient respec-
tively, each of which are temperature dependent[29] and
the anharmonic phonon-phonon interaction component
is defined by

SA(T ) = SNH(T ) − SD(T ) = Sph(T ) − SV (T ) − SD(T ).
(8)

The temperature dependence of the non-harmonic
SNH and the dilation SD entropies are plotted in Fig.
4. A linear relationship between SNH and temperature
is observed, as expected considering the linear thermal
expansion in this temperature range [6]. Overall, the ex-
pansion/dilation entropy SD and the non-harmonic en-
tropy SNH are nearly equal because of the very small
value of the anharmonic component SA.

The anharmonic entropy is negligible despite its large
impact on the phonon energy distribution as shown in
Fig. 4. This can be explained by looking into the distri-
bution of the anharmonic entropy as a function of energy.
Figure 5 shows the cumulative anharmonic entropy SA,
from 0 to some phonon energy E, for 295, 750 and 1200 K.
For all three temperatures, phonons below 21 meV make
virtually no contribution; followed by a large initial in-
crease, then a net negative contribution from the optical
phonons between 21 to 54 meV; with an overall positive
contribution from the high-energy optical phonons above
55 meV. Small differences in the measured PDOS are
magnified when the data is unweighted below 25 meV.
The total contribution is nearly zero at each tempera-
ture, leading to small total anharmonic entropy as indi-
cated by the final point of each cumulative curve.

C. Specific heat

We have further determined the lattice specific heat
CLatt of UO2. We first calculated harmonic and dilation
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from previous measurements of the dispersion[1].



7

specific heat CV and CD using:

CV (T ) = 3NkB

∫ ∞
0

gT0

E2

(kBT )2
e(E/kBT )

(eE/kBT − 1)2
dE, (9)

CD(T ) = 9α2BV T. (10)

The non-harmonic specific heat CNH is

CNH(T ) = T
∂SNH
∂T

, (11)

from which we can calculate the total anharmonic specific
heat by taking into account the specific heat of dilation,

CA(T ) = CNH(T ) − CD(T ). (12)

Summation of the harmonic, dilation and anharmonic
specific heat yields the lattice specific heat CLatt,

CLatt(T ) = CV (T ) + CD(T ) + CA(T ). (13)

Past measurements of the heat capacity[31] in the low
temperature regime (T < 295 K) are in good agreement
with our own heat capacity measurements, shown with
the calculated heat capacity in Fig. 6. While our cur-
rent measurements use a single crystal sample, the past
measurements used sintered powder. In this low temper-
ature regime, there are only small changes in the PDOS,
and as a result only very small non-harmonic contribu-
tions to the heat capacity (< 2 J/mol-K). The result-
ing heat capacity CLatt is close to the harmonic heat ca-
pacity CV . Relatively good agreement is found between
the calculated and measured heat capacity, except in the
vicinity of TN , where magnetic contributions are large.
The magnetic contribution to the heat capacity, CM , has
been previously found to be large at temperatures be-
low TN [28, 32, 33], much larger than the contribution
from the lattice. However, the calculated low tempera-
ture CV is very sensitive to the low energy modes in the
PDOS, which are not accurately determined in our mea-
surements. Therefore we cannot make a detailed compar-
ison between the measured heat capacity and the sum of
CLatt and CM , which was done previously[28, 32, 33].
The crystal field specific heat, CCF , can be calculated
from Refs. [34–36], but they are on the order of 1 J/mol-
K at largest in the low temperature regime and have not
been included in the low tempearture regime. Away from
the transition, the agreement between CV , CLatt, and the
measured CP have values of 59.7, 59.1, and 63.8 J/mol-K,
respectively, at 295 K. This moderate agreement (within
5%) is a result of the small anharmonic effects which are
evident by the PDOS showing little change in this tem-
perature range, a small value of CD, and no contribution
from the magnetic behavior far above from TN .
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FIG. 6. Heat capacity as a function of temperature. Both
panels show the previous heat capacity measurements[31] as
open circles, with our own measurements as black circles. A
sharp spike at the transition temperature TN = 30.8 K is a
result of the Néel transition from an antiferromagnetic state
to a paramagnetic state. In the top panel, CV is calculated
using the 10 K PDOS as gT0 . In the bottom panel, CV is
calculated using the 77 K PDOS.

The calculated CV using the 295 K PDOS is shown in
Fig. 7, in the high temperature regime (T > 295 K). CV
has a value of 64.9 J/mol-K at 400 K. This is different
than the measured value of CP , 71.3 J/mol-K. At this
temperature and above, the harmonic heat capacity is
still the dominant contribution to the total heat capacity,
but the electronic, dilation, and anharmonic effects be-
gin to be significant. As a result, the harmonic curve and
the measured CP begin to show significant separation in
Fig. 7. As CV increases with temperature, it approaches
the Dulong-Petit value of 3NkB in the high temperature
limit, significantly lower than the measured CP values.
The quasiharmonic (CV +CD) and the total lattice spe-
cific heat CLatt (CV +CD+CA) are also plotted in Fig. 7.
CLatt is found to be very close to the quasiharmonic heat
capacity with the anharmonic specific heat close to zero
below 400 K and slightly positive (≤1 J/mol-K) up to
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FIG. 7. Heat capacity as a function of temperature.
Calorimetry measurements are shown as black points, from
[12, 31, 37, 38]. The harmonic heat capacity, CV , is shown as
a black dotted line. The electronic and harmonic heat capac-
ity, CV + CCF , is shown as a green dash-dot line. The total
lattice heat capacity, CLatt, is shown as a red line. The quasi-
harmonic heat capacity, CV + CD is shown as a green line,
with the difference between quasiharmonic and lattice heat
capacity, the anharmonic corrections, are shaded in yellow.
The lattice specific heat from the PDOS is added to the crys-
tal field specific heat to produce the blue curve, CLatt +CCF ,
in agreement with calorimetry measurements of CP .

1000 K, and then slightly negative approaching approx-
imately -1±1 J/mol-K at 1200 K. The thermodynamic
relation CD = CP − CV is clearly not true at high tem-
peratures, as the quasiharmonic curve CV + CD is sig-
nificantly different than measured CP values. Therefore
additional contributions to the specific heat, such as the
known crystal field contribution[34–36], must be taken
into account. By adding the crystal field specific heat,
CCF , to the harmonic term CV there is still a signifi-
cant discrepancy between the measured and calculated
values. With the total lattice contribution CLatt and
CCF , the total specific heat is in excellent agreement with
the macroscopic specific heat measurements for UO2 by
calorimetry[12, 31] in this temperature regime.

V. DISCUSSION

Our measurements show the impact of anharmonicity
on the phonon energies and heat capacity in UO2. The

overall small anharmonic entropy and anharmonic spe-
cific heat are the result of both large positive and neg-
ative contributions from different optical phonon energy
ranges, which lead to a total contribution near zero. The
quasiharmonic heat capacity is based on non-interacting
phonons and thermal expansion of the lattice, shown as
a green line in Fig. 7, and does not take additional non-
harmonic effects into account. If the total anharmonic
contribution to the heat capacity were large, the lattice
heat capacity would reflect it, but not the quasiharmonic.
However, we find agreement between the quasiharmonic
and lattice heat capacity in UO2. That is, despite the no-
ticeable disagreements between the quasiharmonic PDOS
and the measured PDOS at higher temperatures shown
in Fig. 3, the low total anharmonic contribution leads
to relatively close agreement between the quasiharmonic
and lattice heat capacity.

Anharmonicity has been measured in the phonons
of this system with phonon dispersion and linewidth
measurements[1], and significantly impacts the thermal
conductivity. It was also observed that the LO1 mode
contributes the most to the thermal conductivity at 295
K, and also contributes significantly at 1200 K. It is in-
teresting to note that the LO1 and TO1 phonon modes
are located between 30 to 50 meV, and the corresponding
region in the PDOS, shown in Fig. 3, deviates from both
the quasiharmonic and low temperature measurements.
Outside of this region, the acoustic phonons generally
agree with the quasiharmonic prediction, and the TO2
and LO2 modes agree with the low temperature PDOS.
The LO1 and TO1 region contributes negatively to the
entropy, shown in Fig. 5, which is offset by the positive
contributions below 30 meV and above 50 meV. While
the anharmonicity and phonon lifetimes determine the
thermal conductivity, the overall effect of anharmonicity
on the heat capacity in this system is relatively small, as
a result of the offsetting contributions to the anharmonic
entropy of the different phonon regions.

Examination of the energy shifts in the PDOS indi-
cates the low-energy TO1 and LO1 phonons (below 50
meV) respond to temperature very differently from the
high-energy TO2 and LO2 optical phonons. The large
softening of the low energy optical phonons combined
with the negligible energy shifts of the high-energy op-
tical phonons widens the energy range of the optical
phonons as temperature increases. It is clear that this
behavior of the optical phonons is in contrast with the
quasiharmonic assumption that all phonons should soften
in energy. This explains the relatively poor agreement
between our previously measured PDOS for UO2 with
the first-principles simulations based on the quasihar-
monic approximations[9]. The anisotropy introduced by
the quadrupoles in UO2 may also introduce distortion
of the optical phonons through spin-lattice coupling [39–
41]. The results suggest that more advanced approaches
based on dynamical mean-field theory or quantum Monte
Carlo could include the finite-temperature effects intrin-
sically, and combined with an appropriate account of the
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spin-lattice coupling of UO2, are likely to be essential to
predict the anharmonic phonon behavior.

Measurements of the PDOS as a function of temper-
ature here lead to splitting the heat capacity into a low
temperature (T ≤ 295 K) and a high temperature (295
< T < 1200 K) regime. That is, there is relatively little
change in the PDOS from 10 K to 295 K, but substan-
tial changes between the 295 K, 750 K, and 1200 K re-
sults. Considering these two separate regimes allows one
to model the measured heat capacity, CP , in two differ-
ent ways. X-ray and neutron diffraction measurements
from 300 to 1673 K also suggest a regime from 300 to
1200 K, along with another regime from 1200 K to 1673
K[42, 43] based on the coefficient of thermal expansion
and lattice parameter measurements. Above 1200 K, the
lattice parameter increases with temperature beyond the
usual thermal expansion behavior observed below 1200
K, and the various contributions to CP are likely differ-
ent. For example, CP can be accounted for by consid-
ering the contributions from harmonic phonons, thermal
expansion, and polarons alone above 1200 K. A PDOS
measured in this temperature range may therefore differ
substantially from our measurement at 1200 K. However,
within our temperature range from 10 to 1200 K, we see
no evidence of a polaron or anti-Frenkel defect contribu-
tion, consistent with the previous results[42, 44–46].

VI. CONCLUSIONS

Time-of-flight INS measurements of the phonon den-
sity of states, from 10 K to 1200 K, are reported in this
paper. Between 10 K and 295 K, there is little change
in the PDOS with temperature, and the harmonic heat
capacity calculated from the PDOS accounts for the mea-

sured heat capacity. Measurements of the heat capacity
from 2 K to 300 K are in agreement with previous results
for UO2. Above 400 K, the lattice, dilation, and crystal
field contributions to the heat capacity are significant.
Only when all of these contributions are taken into ac-
count can the calculated heat capacity match previous
experimental measurements. Low energy optical modes
below 50 meV respond very differently than high energy
optical modes above 50 meV. The former soften with
temperature, and the latter do not change significantly
up to 1200 K. As a result, the phonon spectrum deviates
from the quasiharmonic approximation. The anharmonic
effects from the optical modes are large, but with oppo-
site sign, leading to a total anharmonic entropy near zero.
More advanced simulation techniques, such as dynamic
mean-field theory or quantum Monte Carlo, may be nec-
essary to capture the temperature-dependent behavior of
the optic modes.
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